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METHOD AND APPARATUS FOR
MACHINING PARTS WITH VARIABLE
STIFFNESS

BACKGROUND

Chatter 1s undesirable frequency oscillations or vibrations
between a workpiece and a cutting tool during the machin-
ing process. Vibration problems may result in excessive
noise, bad surface quality of the workpiece, and sometimes
tool breakage. As such, avoiding chatter during the machin-
ing process 1s critical for meeting the stringent part quality
requirements 1n the aerospace industry and for maximizing,
tool life. For the machining of rigid parts empirical analyses,
such as the tap test method, work well. However, for flexible
parts, such as airfoils, the rigidity of the part varies depend-
ing where on the part the machining process will be applied.
Additionally, the nigidity of the part may change signifi-
cantly as matenal 1s removed during the machining process.
This variability in the ngidity of the part results in a
corresponding change in the machining vibration profile.

SUMMARY

A method for machining parts with variable stiflness
includes determiming, by a controller, a chatter-lobe plot of
a cutter assembly. A preliminary tool path i1s developed by
the controller. Virtual machining of a virtual blank part using,
the preliminary tool path 1s performed by the controller. A
chatter-lobe plot of the virtually machined part 1s determined
by the controller. A dynamic chatter-lobe plot using the
chatter-lobe plot of the cutting tool assembly and the chatter-
lobe plot of the virtually machined part 1s determined by the
controller. A chatter-free rotational speed of the cutting tool
from the dynamic chatter-lobe plot 1s determined by the
controller based upon an analysis of the vibrational profile
when the depth of the cut 1s plotted versus the rotational
speed of the cutting tool. A machining apparatus, controlled
by the controller, uses the determined chatter-free rotational
speed of the cutting tool to machine a blank part.

The machining apparatus includes a cutting tool assembly
for machining blank parts and a controller that provides
cutting tool movement and rotational speed commands to
the machining apparatus. The controller includes computer-
readable memory encoded with instructions that, when
executed by the controller, cause the controller to perform a
method for machining parts, which includes determining a
chatter-lobe plot of a cutting tool assembly. A preliminary
tool path 1s developed. Virtual machining of a virtual model
of a blank part using the preliminary tool path to produce a
virtually machined blank part 1s performed. A chatter-lobe
plot of the virtually machined blank part 1s determined. A
dynamic chatter-lobe plot using the chatter-lobe plot of the
cutting tool assembly and the chatter-lobe plot of the virtu-
ally machined blank part 1s determined. A chatter-iree rota-
tional speed profile of the cutting tool from the dynamic
chatter-lobe plot 1s determined. A machining apparatus to
use the determined chatter-free rotational speed profile of
the cutting tool to machine the blank part 1s controlled.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a blank airfoil.

FIG. 2 1s a perspective view of a blank airfoil in the
process of being machined by a cutting tool.

FIG. 3 1s a schematic view of a machining apparatus.
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2

FIG. 4 1s a flow chart for determining a chatter-free
machining process of a flexible part.
FIG. 5 1s a dynamic chatter-lobe plot.

DETAILED DESCRIPTION

The present disclosure relates generally to a chatter-free
machining process and apparatus. More specifically, this
disclosure relates to a chatter-free machiming process and
apparatus for flexible parts or parts whose stiflness varies
during the machiming process.

Thin-walled components in an aircraft, such as an airfoil,
blade, or structural guide vane are relatively tlexible. This
flexibility may change significantly as material 1s removed
from a blank airfoil during a machining process. Addition-
ally, the airfoill may be more flexible in one region than
another. Frequently, for example, the tip of a blade tends to
be much more flexible than the root of the blade.

FIG. 1 1s a perspective view of a blank airfoil. FIG. 1
shows airfoil 10, airfoil blade 12, airfoil root 14, first
segment 20, second segment 22, third segment 24, fourth
segment 26, initial outer wall 30, and machined outer wall
32. Airfoil 10 1s a blank airfoil with airfoil blade 12 and
airfo1l root 14. Airfoil blade 12 requires machining to match
a desired geometry which may impart desired operational
characteristics within an aircrait engine. A machining pro-
cess can begin by machining first segment 20, then proceed
to machine second segment 22, then machine third segment
24 and fourth segment 26. Initial outer wall 30 of airfoil
blade 12 represents the outer surface of blank airfoil blade
12 before it has been machined. Machined outer wall 32
represents the outer surface of finished airfoil blade 12 after
airtoil blade 12 has been machined.

Frequently, airfoil root 14 1s clamped to a support struc-
ture so that airfoil 10 does not move relative to a cutting tool
during the machining process. Nonetheless, airfoil 10 may
vibrate during the machining process. The vibrations may be
more acute near the tip of first segment 20 of airfoil blade 12.
The machining parameters necessary to minimize vibrations
during machining of first segment 20 may be diflerent than
the machining parameters used when machining second
segment 22, which may be different than the machining
parameters used when machining third segment 24 or fourth
segment 26.

Machining parameters include, for example, the depth of
the cut to be machined, the rotational speed at which the
cutting tool spins, a tool path across the blank part, and
choice of cutting tool assembly, which includes a spindle,
holder, and cutting tool. Each spindle, holder, and cutting
tool combination may have a unique dynamics profile. For
cach combination the depth of the cut and the rotational
speed of the cutting tool may be optimized.

FIG. 2 1s a perspective view of a blank airfoil in the
process of being machined by a cutting tool. FIG. 2 shows
machining apparatus 40, blank airfoil 42, cutting assembly
44, cutting tool 46, mitial outer surtace 30, and machined
outer surface 52. Machining apparatus 40 machines blank
airfo1l 42 using cutting tool assembly 44. Blank airfoil 42
can be any thin-walled or otherwise flexible part which
requires machining. Cutting assembly 44 includes cutting
tool 46, which 1s depicted as a tapered ball-end mill 1n FIG.
2, but that can be any cutting tool used during the machining
process of a part. Initial outer surface 50 of blank airfoil 42
represents the portion of the surface of blank airfoil 42
needing to be removed by the machining process. Machined
outer surface 52 of blank airfoil 42 represents the portion of
the surface of airfoil 42 that has already been machined.
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FIG. 3 1s a schematic view of a machining apparatus. FIG.
3 shows machining apparatus 100, cutting tool assembly
102, controller 104, processor(s) 106, communication
device(s) 108, data storage 110, chatter-lobe plot module
112, virtual machining module 114, dynamic chatter-lobe
plot module 116, tool rotational speed module 118, tool
movement module 120, cutting tool speed drive 122, and
cutting tool movement actuator 124.

Machining apparatus 100 1s used to machine a workpiece
or blank part (not shown 1s FIG. 3). Machining operations
can include, for example, turning, milling, drilling, and
orinding. For each machining operation a cutting tool
assembly 102 1s chosen by a machinist which includes a
spindle, holder, and cutting tool. Each cutting tool assembly
102 will have a unique chatter-lobe plot profile. The chatter-
lobe plot can be used to 1dentity machining conditions that
mimmize the occurrence of vibrations during the machining
process.

Controller 104 uses processor(s) 106 to determine a
chatter-lobe plot of the cutting tool assembly. The underly-
ing data used to determine the chatter-lobe plot 1s either
obtained empirically and entered through communication
devices(s) 108 or obtained from data storage 110. A machin-
1st performs, for example, a tap test on the cutting tool
assembly 102 and enters the frequency response data
through communication device(s) 108 of controller 104
manually with, for example, a keyboard, mouse, or other
external device.

Controller 104 can be any device capable of executing
computer-readable mstructions defining a software program.
Controller 104, 1n one example, utilizes communication
device(s) 108 to communicate with external devices via one
or more networks, such as one or more wireless or wired
networks. Communication device(s) 108 can be a network
interface card, such as an Ethernet card, an optical trans-
ceiver, a radio frequency transceiver, or any other type of
device that can send and receive information. Other
examples of such network interfaces can include Bluetooth,
3G, 4G, and WikF1 radio computing devices as well as
Universal Serial Bus (USB).

Communication device(s) 108 may send the tap test data
to data storage 110 of controller 104. Data storage 110 can
include one or more databases. Though 1llustrated 1n FIG. 3
as itegrated with controller 104, in other examples data
storage 110 may be separate and commumcatively coupled
with controller 104. Data storage 110 stores a library of
machining apparatus parameters and programs, ncluding
but not limited to chatter-lobe plot module 112, virtual
machining module 114, dynamic chatter-lobe plot module
116, tool speed module 118, and tool movement module 120.

Data storage 110 can be configured to store information
within controller 104 during operation. Data storage 110, in
some examples, 1s described as computer-readable storage
media. In some examples, a computer-readable storage
medium can iclude a non-transitory medium. The term
“non-transitory” can indicate that the storage medium 1s not
embodied 1n a carrier wave or a propagated signal. In certain
examples, a non-transitory storage medium can store data
that can, over time, change (e.g., in RAM or cache). In some
examples, data storage 110 1s a temporary memory, meaning
that a primary purpose of data storage 110 1s not long-term
storage. Data storage 110, 1n some examples, 1s described as
volatile memory, meaning that data storage 110 does not
maintain stored contents when power to controller 104 1s
turned ofl. Examples of volatile memories can include
random access memories (RAM), dynamic random access
memories (DRAM), static random access memories
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(SRAM), and other forms of volatile memories. In some
examples, data storage 110 1s used to store program instruc-
tions for execution by processor(s) 106. Data storage 110, in
one example, 1s used by software or applications running on
controller 104 (e.g., a software program implementing archi-
tecture 10) to temporarily store information during program
execution.

Data storage 110, 1n some examples, also includes one or
more computer-readable storage media. Data storage 110
can be configured to store larger amounts of information
than volatile memory. Data storage 110 can further be
configured for long-term storage of information. In some
examples, data storage 110 includes non-volatile storage
clements. Examples of such non-volatile storage elements
can include magnetic hard discs, optical discs, flash memo-
ries, or forms of electrically programmable memories
(EPROM) or electrically erasable and programmable (EE-
PROM) memories.

For rnigid parts, processor(s) 106 of controller 104 uses the
empirically entered data by the machinist through commu-
nication device(s) 108 or uses stored data in data storage 110
of controller 104 to mput into chatter-lobe plot module 112
of data storage 110 which then can plot a stability curve
based upon the depth of the cut and the rotational speed of
the cutting tool and determine where vibrations due to the
machining process are minimized for cutting tool assembly
102. Virtual machining module 114 and dynamic chatter-
lobe plot module 116 of data storage 110 in FIG. 3 are
discussed below 1n combination with FI1G. 4. The optimized
machining parameters can then be sent through communi-
cation device(s) 108 to, for example, cutting tool speed drive
122 and cutting tool movement actuator 124. Processor(s)
106 uses tool rotational speed module 118 of data storage
110 to send the determined rotational speed of the cutting
tool, where vibrations are minimized, to cutting tool speed
drive 122. Processor(s) 106 uses tool movement module 120
of data storage 110 to determine an optimized tool path and
send the NC (numeric control) instructions to cutting tool
movement actuator 124.

Processor(s) 106, in one example, 1s configured to imple-
ment functionality and/or process instructions for execution
within controller 104. For instance, processor(s) 106 can be
capable of processing instructions stored in data storage 110.
Examples of processor(s) 106 can include any one or more
of a microprocessor, a controller, a digital signal processor
(DSP), an application specific itegrated circuit (ASIC), a
field-programmable gate array (FPGA), or other equivalent
discrete or integrated logic circuitry.

As 1llustrated in FIG. 3, controller 104 can include
processor(s) 106, communication device(s) 108, and data
storage 110. However, 1n certain examples, controller 104
can include more or fewer components than communication
device(s) 108, processor(s) 106, and data storage 110.

For flexible parts, as shown in FIG. 4, chatter-free
machining process 150 can be implemented. FIG. 4 1s a flow
chart for determining a chatter-iree machining process for a
flexible part. FIG. 4 shows chatter-free machining method
150 which includes determiming a chatter-lobe plot of a
cutter assembly 152, developing a preliminary tool path 154,
performing virtual machining of a blank part 156, determin-
ing a chatter-lobe plot of a modelled semi-finished part 158,
determining a dynamic chatter-lobe plot 160, determining a
rotation speed from the dynamic chatter-lobe plot 162, and
controlling a machining apparatus to use the determined tool
speed 164.

Process 150 begins with step 152, which can use machin-
ing apparatus 100 shown 1n FIG. 3 and includes a machinist
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choosing a spindle, holder, and a cutting tool for cutting tool
assembly 102. A machinist can then perform a tap test on
cutting tool assembly 102. Step 152 further includes pro-
cessor(s) 106 of controller 104 using the empirically entered
data by the machinist through communication device(s) 108
or using stored data in data storage 110 of controller 104 to
input the data into chatter-lobe plot module 112 of data
storage 110 which then generates the chatter-lobe plot and
determines where vibrations due to the machining process
are minimized for cutting tool assembly 102. Alternatively,
the chatter-lobe plot of cutting tool assembly 102 can be
determined by performing modal analysis on cutting tool
assembly 102 using CAM (computer-aided manufacturing)
software. Processor(s) 106 sends the generated chatter-lobe
plot for the cutting tool assembly 102 to data storage 110 for
later use.

Step 154 includes developing a preliminary tool path
using CAM software.

Processor(s) 106 retrieves the geometry and material data
of the blank part from data storage 110. Processor(s) 106
then uses CAM software of data storage 110 to create the
preliminary tool path, which is then sent by processor(s) 106
to data storage 110 for later use.

Step 156 includes performing virtual machining on a
virtual blank part. Processor(s) 106 uses virtual machining,
module 114 of data storage 110 to complete the virtual
machining of the virtual blank part. Processor(s) 106 then
performs modal analysis on the virtually machined part
using FE (finite element) software from data storage 110.
The FE software can predict the physical cutting forces
occurring during the machining process using metal cutting
theory and estimate the dynamics of the changing workpiece
using Buler-Bernoulli beam theory. Processor(s) 106 sends
the modal analysis results to data storage 110 for later use.

Step 158 1ncludes determining the chatter-lobe plot of the
virtually machined blank part. Processor(s) 106 uses chatter-
lobe plot module 112 and the modal analysis results of data
storage 110 to generate the chatter-lobe plot of the virtually
machined blank part. Processor(s) 106 sends the generated
chatter-lobe plot of the virtually machined part to data
storage 110 for later use.

Step 160 includes determining a dynamic chatter-lobe
plot. Processor(s) 106 uses, from data storage 110, the
chatter-lobe plot of cutting tool assembly 102, the modal
analysis results, the chatter-lobe plot of the wvirtually
machined blank part, and dynamic chatter-lobe plot module
116. The dynamic chatter-lobe plot may be further optimized
by repeating steps 154, 156, 158, and 160 in an iterative
process. Alternatively or in combination with optimization,
steps 154, 156, 158, and 160 may be repeated for each
segment ol a blank part.

Step 162 includes obtaining optimized machining param-
cters from the dynamic chatter-lobe plot. Processor(s) 106
can determined a set of optimized machining parameters
from the dynamic chatter-lobe plot. Optimized machining
parameters include, for example, the depth of cut and a
cutting tool rotational speed.

Step 164 includes controlling machining apparatus 100
using the optimized machining parameters. Processor(s) 106
uses tool rotational speed module 118 to send the optimized
cutting tool rotational speed through communication
device(s) 108 to cutting tool speed drive 122. Processor(s)
106 uses tool movement module 120 to send the optimized
tool path through communication device(s) 108 to cutting,
tool movement actuator 124.

FIG. 5 shows an example of a dynamic chatter-lobe plot.
Depth of cut i1s plotted on the y-axis as a function of the
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rotational speed of the cutting tool on the x-axis. Shaded
areas indicate regions where vibrations are predicted to be

minimized and result in chatter-iree machining. Non-shaded
regions 1ndicate regions where vibrations detrimental to the
machining process are expected to occur.

Using modal analysis and CAM software obviates the
need for laborious and time-consuming empirical data col-
lection techniques, such as the tap test, for determining
machining parameters which minimize the occurrence of
vibrations during the machining process. This amounts to
considerable time and cost savings when applied to flexible
parts which otherwise may require the collection of vibra-
tion data for many segments of each part. Furthermore,
using modal analysis and CAM software obviates the col-
lection of vibration data which may need to be frequently
repeated as material 1s removed during the machining pro-
cess because the part’s tlexibility 1s dynamically changing as
that material 1s removed.

Discussion of Possible Embodiments

The following are non-exclusive descriptions of possible
embodiments of the present invention.

A machining method includes determining, by a control-
ler, a chatter-lobe plot of a cutting tool assembly; develop-
ing, by the controller, a preliminary tool path; performing,
by the controller, virtual machining of a virtual model of a
blank part using the preliminary tool path to produce a
virtually machined blank part; determining, by the control-
ler, a chatter-lobe plot of the virtually machined blank part;
determining, by the controller, a dynamic chatter-lobe plot
using the chatter-lobe plot of the cutting tool assembly and
the chatter-lobe plot of the virtually machined blank part;
determining, by the controller a chatter-iree rotational speed
profile of the cutting tool from the dynamic chatter-lobe plot;
and controlling, by the controller, a machining apparatus to
use the determined chatter-free rotational speed profile of
the cutting tool to machine the blank part.

The method of the preceding paragraph can optionally
include, additionally and/or alternatively, any one or more of
the following:

The chatter-lobe plot of the cutter assembly 1s determined
by the controller using data generated through a tap test
method.

The chatter-lobe plot of the cutter assembly 1s determined
by the controller through modal analysis of the cutting tool
assembly.

The blank part 1s an airfoil.

A dynamic chatter-lobe plot 1s determined for a plurality
of segments of the blank part.

A machining apparatus includes a cutting tool assembly
for machining blank parts and a controller that provides
cutting tool movement and rotational speed commands to
the machining apparatus, the controller including computer-
readable memory encoded with instructions that, when
executed by the controller, cause the system to: determine,
by a controller, a chatter-lobe plot of a cutting tool assembly;
develop, by the controller, a preliminary tool path; perform,
by the controller, virtual machining of a virtual model of a
blank part using the preliminary tool path to produce a
virtually machined blank part; determine, by the controller,
a chatter-lobe plot of the virtually machined blank part;
determine, by the controller, a dynamic chatter-lobe plot
using the chatter-lobe plot of the cutting tool assembly and
the chatter-lobe plot of the virtually machined blank part;
determine, by the controller, a chatter-iree rotational speed
profile of the cutting tool from the dynamic chatter-lobe plot;
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and control, by the controller, a machining apparatus to use
the determined chatter-ifree rotational speed profile of the
cutting tool to machine the blank part.

The apparatus of the preceding paragraph can optionally

include, additionally and/or alternatively, any one or more of 5

the following;:

The chatter-lobe plot of the cutter assembly 1s determined
by the controller using data generated through a tap test
method.

The chatter-lobe plot of the cutter assembly 1s determined
by the controller through modal analysis of the cutting tool
assembly.

The blank part 1s an airfoil.

A dynamic chatter-lobe plot 1s determined for a plurality
ol segments of the blank part.

While the invention has been described with reference to
an exemplary embodiment(s), 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereotf without
departing from the scope of the mvention. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the mvention without departing,
from the essential scope thereof. Therefore, 1t 1s intended
that the invention not be limited to the particular embodi-
ment(s) disclosed, but that the mvention will include all
embodiments falling within the scope of the appended
claims.

The 1nvention claimed 1s:

1. A machining method comprising:

determining, by a controller, a chatter-lobe plot of a

cutting tool assembly based on data about the cutting
tool assembly;

developing, by the controller, a preliminary tool path

based on geometry and maternial data for a blank part;

performing, by the controller, virtual machining of a

virtual model of a virtual blank part using the prelimi-
nary tool path to produce a virtually machined blank
part,

determining, by the controller, a chatter-lobe plot of the

virtually machined blank part;

determining, by the controller, a dynamic chatter-lobe plot

using the chatter-lobe plot of the cutting tool assembly
and the chatter-lobe plot of the virtually machined
blank part;

determining, by the controller, optimized machining

parameters, including a chatter-free rotational speed
profile of the cutting tool assembly, from the dynamic
chatter-lobe plot; and

controlling, by the controller, a machining apparatus to

use the determined optimized machiming parameters,
including the chatter-free rotational speed profile of the
cutting tool assembly, to machine the blank part,
wherein machining the blank part changes the rigidity
of the blank part due to material removal.
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2. The method of claim 1, wherein the chatter-lobe plot of
the cutting tool assembly 1s determined by the controller
using data generated through a tap test method.

3. The method of claim 1, wherein the chatter-lobe plot of
the cutting tool assembly 1s determined by the controller
through modal analysis of the cutting tool assembly.

4. The method of claim 1, wherein the blank part 1s an
airfoil.

5. The method of claim 1, wherein a dynamic chatter-lobe

plot 1s determined for each of a plurality of segments of the
blank part.
6. A machining apparatus comprising;:
a cutting tool assembly for machining blank parts; and
a controller that provides cutting tool movement and
rotational speed commands to the machining apparatus,
the controller including computer-readable memory
encoded with mstructions that, when executed by the
controller, cause the controller to:
determine a chatter-lobe plot of the cutting tool assem-
bly based on data about the cutting tool assembly;
develop a preliminary tool path based on geometry and

material data for a blank part;

perform virtual machining of a virtual model of a
virtual blank part using the preliminary tool path to
produce a virtually machined blank part;

determine a chatter-lobe plot of the virtually machined
blank part;

determine a dynamic chatter-lobe plot using the chat-
ter-lobe plot of the cutting tool assembly and the
chatter-lobe plot of the virtually machined blank
part;

determine optimized machining parameters, including
a chatter-free rotational speed profile of the cutting
tool assembly, from the dynamic chatter-lobe plot;
and

control the machining apparatus to use the determined
optimized machining parameters, including the chat-
ter-free rotational speed profile of the cutting tool
assembly, to machine the blank part, wherein
machining the blank part changes the rigidity of the
blank part due to material removal.

7. The apparatus of claim 6, wherein the chatter-lobe plot
of the cutting tool assembly 1s determined by the controller
using data generated through a tap test method.

8. The apparatus of claim 6, wherein the chatter-lobe plot
ol the cutting tool assembly 1s determined by the controller
through modal analysis of the cutting tool assembly.

9. The apparatus of claim 6, wherein the blank part 1s an
airtoil.

10. The apparatus of claim 6, wherein a dynamic chatter-
lobe plot 1s determined for each of a plurality of segments of

the blank part.
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